We demonstrate intermodal four-wave mixing in an all-fiber system between the LP 01 and LP 02 mode of a higher-order-mode fiber. Anti-Stokes and Stokes light with 2 nJ pulse energy is generated with 20% conversion efficiency.
Introduction
Intermodal Four-wave mixing (FWM) effect in optical fibers can achieve nonlinear wavelength conversion without pumping close at the zero-dispersion wavelength and generating supercontinuum light [1] [2] [3] . Recent experiments in photonic crystal fibers have shown that pump photons in the LP 01 mode can generate Anti-Stokes and Stokes photons in a higher-order-mode (HOM), such as the LP 11 mode, with conversion efficiency over 7% [3] . In this paper, we demonstrate intermodal FWM in an all-fiber system which consists of a picosecond passive mode-locking fiber laser and an HOM fiber in which LP 01 and LP 02 mode are both well-guided. The phase-matching scheme is fulfilled between two LP 01 -mode pump photons, and one LP 01 -mode Anti-Stokes photon and one LP 02 -mode Stokes photon. The Anti-Stokes and Stokes wave are generated at 941 nm and 1225 nm with 20% conversion efficiency.
Methods
The all-fiber system uses a homemade fiber laser to provide input pulses to the HOM fiber. The fiber laser consists of a SESAM-based laser cavity at 1064 nm, and two ytterbium doped fiber amplifiers. The output of the fiber laser is an 18.33 MHz pulse train with a maximal power of 470 mW. The pulse width is approximately 6 ps. The fiber laser is directly connected to 1.75 m of HOM fiber, using a core alignment fusion splicer (Fujikura FSM-30S Splicer). After the splice, more than 95% of the power in the HOM fiber is guided in the LP 01 mode. An optical spectrum analyzer and a second-order interferometric autocorrelator are used to characterize the spectral and temporal features of the Stokes and Anti-Stokes pulses. The spatial profiles of the two pulses are magnified by 100 times in a 4F system, and are measured by scanning a 20-μm pinhole with a Germanium photodiode detector. The calculated effective refractive index for the LP 01 mode and the LP 02 mode in the HOM fiber is shown in fig.  1(a) . To generate Stokes photon in LP 02 mode and Anti-Stokes photon in LP 01 mode efficiently, the propagation constant mismatch Δβ, which can be written as 2β 01, P -β 01 , A (Ω) -β 02, S (Ω), must be equal to zero. Here, β is the propagation constant, and the subscripts signify the pump (P), Anti-Stokes (A) and Stokes (S) in the LP 01 mode (01) and LP 02 mode (02). Ω is the Stokes shift. Δβ as a function of Ω, derived from the effective refractive index in fig. 1(a) , is shown in fig. 1(b) . With pump light at 1064 nm, the phase-matching condition is satisfied at Ω = 230 THz, corresponding to an Anti-Stokes wavelength of 941 nm and a Stokes wavelength of 1225 nm. 
Results and Discussion
The theoretically predicted intermodal FWM is validated by our experimental results. Fig. 2 shows the measured spectra at the output of the HOM fiber at various input pulse energies. At pump power below 200 mW (11 nJ input energy), only SPM-induced spectral broadening can be observed. At higher pump power, strong, narrowband Anti-Stokes light at 941 nm and broadband Stokes light at 1225 nm are simultaneously generated. The center wavelengths of both sidebands accurately match our calculation. Spatial profiles of the Anti-Stokes and Stokes light, shown in fig. 3 (a) and (b), suggest that they propagate in the LP 01 and LP 02 mode respectively. The spatial profile measurements also indicated that the LP 02 mode at 1225 nm overlaps significantly with the LP 01 mode at the shorter wavelengths, which ensures a high efficiency for the intermodal FWM effect. Up to 385 mW power (21 nJ pulse energy) is coupled into the HOM fiber to achieve high conversion efficiency. Approximately 4.2 nJ pulse energy is generated in the Anti-Stokes sideband, corresponding to 20% conversion efficiency. The intensity autocorrelation of the Anti-Stokes and Stokes light are measured and shown in fig.2 inset (a) and (b). The Anti-Stokes and Stokes light are broadened to 16 ps and 13 ps in the fiber, due to dispersion as well as temporal walk-off between the pump pulse and the Anti-Stokes/Stokes pulse. The autocorrelation measurement also shows good power stability of the Anti-Stokes/Stokes pulse. As both the LP 01 and LP 02 mode are well-guided in the HOM fibers, the demonstrated intermodal FWM effect is much less sensitive to fiber perturbation than what was observed in PCFs [3] .
Conclusion
We have experimentally demonstrated intermodal FWM in an all-solid silica-based HOM fiber. Narrowband Anti-Stokes light at 941 nm with up to 4.2 nJ pulse energy has been obtained with approximately 20% power conversion efficiency. Our experiments demonstrate that the HOM fiber module can be used in an all-fiber configuration to achieve stable and efficient wavelength conversion.
